The objective of this study was to evaluate the effects of high-molecular-weight glutenin subunits with different protein contents on the quality of flour. The flour properties of near isogenic lines (NILs), which were substituted with HMWG subunits at the Glu-B1 or Glu-D1 allele, were investigated with four levels of protein content. The effect of the addition of subunits 20 at the Glu-B1 to subunits 5+10 at the Glu-D1 allele on bread-making quality was poor. The strength of the dough was only slightly affected despite the increase in protein content. Subunits 2+12, subunits 4+12 and subunits 2.2+12 at Glu-D1 allele had little effect on dough properties when various protein contents were used, compared with subunits 5+10. Subunits 2.2+12 had the most negative effect on the physical properties of the dough at the Glu-D1 allele. These results clearly showed that each HMWG subunit affected the properties of the dough differently, according to the increase of protein content.
The quality and quantity of protein in the flour are important to bread-making quality. Loaf volume is greatly influenced by flour protein content. However, when the quantity of protein is identical, differences in its quality can produce differences in the quality of bread. Flour protein consists of aggregates of glutenin, gliadin, globulin, and albumin. High-molecular-weight glutenin (HMWG) subunits, which are encoded by the Glu-1 loci on the long arms of group 1 chromosomes, play an important role in bread-making quality (Payne et al., 1980) . Alleles at three Glu-1 loci represent different effects on bread-making quality. HMWG subunits 5+10 coded by Glu-D1 show a much larger effect on the physical properties of dough than subunits 2+12 (Payne et al., 1981 , Moonen et al., 1982 . Most Japanese wheat cultivars, which show a poor bread-making quality, shared subunits 2+12, 2.2+12, and 4+12 at Glu-D1 (Nakamura et al., 1999) . Near isogenic lines (NILs) are useful tools for analyzing the effects of HMWG subunits because they have the same genetic backgrounds except for some specific characteristics (Payne et al., 1987 , Lawrence et al., 1988 .
We reported the different effects of HMWG subunits with identical protein content on bread-making quality using NILs (Takata et al., 2000) . However, the effect of each HMWG subunit with varying protein content on bread-making quality is not fully understood. The objective of this study was to evaluate the effects of HMWG subunits with different protein contents on the physical properties of dough. The flour properties of four kinds of NILs, which were substituted with HMWG subunits at the Glu-B1 allele, and three kinds of NILs, which were substituted with HMWG subunits at the Glu-D1 allele, were investigated with four levels of protein content. The difference in quality was determined among the HMWG subunits which had similar properties.
Materialsand and Methods
Plant materials Seven kinds of NILs of the wheat cultivar Harunoakebono, which were developed by Takata et al. (2000) , were tested for bread-making quality. HMWG subunits were substituted for each NIL as follows: subunits 7+8, 6+8, 20, and 17+18, instead of subunits 7+9 at the Glu-B1 allele and subunits 2+12, 4+12, and 2.2+12, instead of subunits 5+10 at the Glu-D1 allele (Table 1) . NILs and the recurrent parent, Harunoakebono, showed the same electrophoresis pattern, except for the substituted HMWG subunits. NILs including Harunoakebono as control were cultivated in four plots at the National Agricultural Research Center for Hokkaido Region in 2000. The four different content levels of nitrogen applied on each plot were 4, 8, 11 or 14 g/m 2 , respectively. Flour quality Grain samples to which water was added to reach a 16% moisture content were milled with a Brabender Quadrumat Jr. test mill (Brabender Inc., Duisburg, Germany). Flour protein content was measured using a near-infrared spectroscope with an Inframatic 8120 (PerCon Co., Hamburg, Germany). An SDS-sedimentation test was performed with 2.5 g of flour. A flour sample was soaked for 24 h in 100 ml of an SDSlactic acid solution, and the sedimentation volume was then read 40 min after the holding vessel was inverted ten times, as reported previously (Takata et al., 1999) .
Dough properties The dough-mixing peak time was mea-E-mail: takata@affrc.go.jp sured by an improved 35 g Swanson head pin-type mixer (National Mfg., Lincoln, U.S.A.) with a motor head revolving at 110 rpm/min. Water absorption was followed by the AACC mixograph method 54-40A. The electric current was recorded during mixing. The peak time (min) indicates the mixing time at maximum electric current. The extensibility of the dough was evaluated by a Rheoner (model RE33005) (Yamaden Inc., Tokyo) according to the method of Yamauchi et al. (2001) . Flour samples with a 2% NaCl solution were mixed for the peak time, and three 10 g pieces of dough were formed into 7 cm¥2.5 cm after twice sheeting through 0.098-inch rolls. They were extended at a speed of 5 mm/s with a plunger (P-21) after bench time (30˚C, 70% RH) for 60 min. The breaking force showed the force (N) at the breaking point of the dough, and the breaking deformation represented the deformation of the sample (mm) at the breaking point of the dough.
Resutel and Discussion
Flour properties The protein content of flour samples ranged from 11.6% to 14.7% (Table 2) . The difference in the protein content of each line was in a narrow range of 1.4% to 2.5%. The SDS-sedimentation volume was 16 ml to 50 ml. The relation between the protein content and the SDS-sedimentation volume among the Glu-B1 or Glu-D1 allele is shown in Fig. 1 . The SDS-sedimentation volume of each line linearly increased with an increase in the protein content. The regression lines between the protein content and the SDS-sedimentation volume Underline shows HMWG subunits substituted to Harunoakebono.
Fig. 1.
Relationship between the SDS-sedimentation volume and the protein content among near isogenic lines (NIL) at Glu-B1 and Glu-D1 alleles. were similar among the subunits at the Glu-B1 allele except for NIL 20. The SDS-sedimentation volume of NIL 20 had a lower value than the other subunits of the Glu-B1 allele. The SDS-sedimentation volume of NIL 20 at 14% of protein was equivalent to that of the other NILs of the Glu-B1 subunits at 12% protein levels. The regression line of NIL 20 was drawn between the Glu-B1 subunits (NIL 7+8, NIL 7+9, NIL 6+8, and NIL 17+18) and the Glu-D1 subunits (NIL 2+12, NIL 4+12, and NIL 2.2+12). The SDS-sedimentation volume of HMWG subunits 5+10 was much higher than those of NIL 2+12, NIL 4+12, and NIL 2.2+12 at the Glu-D1 allele. The regression line of the former was greatly different from that of the latter. The SDS-sedimentation volume of 5+10 subunits showed 33 ml at 11.9% of protein content, while NIL 2+12 showed less value despite the high protein content (14.7%). NIL 2.2+12 was the lowest volume among them with various protein contents. Strong relationships were found between the amount of HMWG subunits and the protein content within the same varieties (Fullington et al., 1983 , Levy et al., 1985 , Kolster et al., 1991 . The SDS-sedimentation volume was also associated with the amount of HMWG subunits (Luo et al., 2000) . We believe that the difference in the SDS-sedimentation volume indicated the difference of amount in each HMWG subunit. Kolster et al. (1991) reported the loci of subunits 2.2+12 suppressed the amount of total HMWG subunits. It seemed that subunits 2.2+12 had the lowest amount among these subunits.
Physical properties of the dough The relationship be- tween the protein content and the peak time is shown in Fig. 2 . The range of peak time was 1.3 to 3.6 min (Table 2) , and the peak time of commercial strong flour was 3.3 min. Significant correlation coefficients were found between unextractable protein and dough strength (Gupta et al., 1993) . The mixiograph peak time correlated highly with the amount of HMWG subunits (Luo et al., 2000) . The peak time of each line linearly decreased with the increase in protein content; it was similar among NIL 7+8, NIL17+18, and subunits 7+9 when the protein content was about 12%. HMWG subunits 7+9 decreased more than NIL 7+8 and NIL 17+18 when the protein content was higher. NIL 17+18 had the longest mixing time, and the peak time changed only slightly as the content of the protein increased. The peak time of NIL 6+8 was between that of NIL 7+8 and NIL 20, while the peak time of NIL 20 was constantly shorter than that of the other Glu-B1 subunits. It was shown to be between the peak times of the other NILs at the Glu-B1 allele and the peak times of NIL 2+12, NIL 4+12, or NIL 2.2+12 at the Glu-D1 allele. The peak time of HMWG subunits 5+10 was much longer than the peak times of NIL 2+12, NIL 4+12, and NIL 2.2+12 at the Glu-D1 allele. The peak times of NIL 2+12 and NIL 4+12 were only 2.0 min with a 12% protein content, while that of subunits 5+10 was 3.5 min at the same protein level. NIL 2.2+12 was only one-half of the peak time of the subunits 5+10; furthermore, it clearly had poor flour property and SDS-sedimentation volume. The relationship between the protein content and the breaking force is shown in Fig. 3 . The breaking force of commercial flour was 1.42 N, and this force ranged from 0.60 to 1.96 N among the NILs (Table 2 ). The breaking force of a 12% protein level among the NILs at the Glu-B1 allele was similar value, except for NIL 20. NIL 6+8 showed a regression line with a flat slope because its breaking force differed only a little in value among the varying protein contents. NIL 20 had a much lower breaking force than the other Glu-B1 allele. It changed a little with an increase in the content of protein and had a nearly flat regression line. NIL 2+12, 4+12, and 2.2+12 had a much lower value than subunits 5+10 at the Glu-D1 allele. The breaking force of subunits 5+10 was 1.5 times as large as NIL 4+12. NIL 2.2+12 was only onehalf the value of subunits 5+10. Though NIL 2+12 had an SDSsedimentation volume and peak time similar to NIL 4+12, the breaking force of NIL 2+12 had an intermediate value that was between NIL 4+12 and NIL 2.2+12. The breaking deformation ranged from 70.6 to 138.8 mm ( Table 2 ), and that of commercial strong flour was 99.2 mm. The relationship between the protein content and the breaking deformation is shown in Fig.4 . The breaking deformation increased with the protein content. The breaking deformation of NIL 7+8 and NIL 17+18 was smaller than that for subunits 7+9, NIL 6+8, and NIL 20, and the breaking deformation of subunits 5+10 was smaller than that of the other NILs at the Glu-D1 allele. The value (124.5 mm) of NIL 4+12 seemed to be out of range. NIL 2.2+12 had the longest stretch value of them all, with 1.4 times the extensibility of subunits 5+10. In flour properties, NIL 6+8 had a breaking force that was obviously smaller than that of subunits 7+9 with an increased protein content in spite of having a similar SDS-sedimentation volume, peak time, and breaking deformation. NIL 6+8 had weaker dough strength than subunits 7+9. The effect of the addition of subunits 20 to subunits 5+10 on bread-making quality was poor, as indicated in another study (Gupta et al., 1994) . In addition, subunit 20 had little effect on dough strength in spite of the increase in protein content. NIL 2+12, NIL 4+12, and NIL 2.2+12 had little effect on dough strength when various protein contents were used, compared with subunits 5+10. NIL 2.2+12 did not have significant effect on bread-making quality compared with NIL 2+12 and NIL 4+12 at 13.5% of protein level (Takata et al., 2000) . However, subunits 2.2+12 certainly had the most negative effect on the physical properties of the dough at the Glu-D1 allele. The result of this study clearly shows that each HMWG subunit has a different effect on dough properties when the protein content is increased. It is important for the improvement of dough physical properties of Japanese wheat to introduce subunits 5+10 instead of 2+12, 4+12 or 2.2+12 at the Fig. 4 . Relationship between the breaking deformation and the protein content among near isogenic lines (NIL) at Glu-B1 and Glu-D1 alleles.
Glu-D1 allele, and to further substitute subunits 20 by the other subunits at Glu-B1 allele.
